Measurement of the kx Distribution of Particles in Jets Produced in pp Collisions at 

= 1.96 TeV 



T. Aaltonen,^'* J. Adelman/'' T. Akimoto,^'' B. Alvarez Gonzalez/^ S. Amerio'",^"' D. Amidei,^^ A. Anastassov,^^ 
A. Annovi,^° J. Antos,^^ G. ApoUinari/^ A. Apresyan,^^ T. Arisawa,^* A. Artikov,^'' W. Ashmanskas/* A. Attal,^ 
A. Aurisano,54 F. Azfar,*^ Azzurri^'''^ W. Badgett,!^ A. Barbaro-Galtieri,^^ V.E. Bames,'*^ B.A. Barnett,^^ 
V. Bartsch,3i G. Bauer,33 P.-H. Beaucheniin,^'' F. Bedeschi,^^ D. Beecher,^! S. Behari,^^ G. Bellettini^,'''^ 
J. Bellinger,^" D. Benjamin,!^ A. Beretvas,!* J. Beringer,29 A. Bhatti.^^ M. Binkley,!^ D. Bisello'",^'* I. Bizjak^^^i 
R.E. Blair,2 C. Blocker/ B. Blumenfeld,26 A. Bocci," A. Bodek,50 V. Boisvert,50 G. Bolla,49 D. Bortoletto,^^ 

J. Boudreau,''* A. Boveia/^ B. Brau",^^ A. Bridgeman,^^ L. Brigliadori,^'* C. Bromberg,'^^ E. Brubaker,^'* 
J. Budagov,i6 H.S. Budd,50 S. Budd,^^ S. Burke,!^ K. Burkett,!^ G. Busetto"" P. Bussey'=,22 A. Buzatu,^^ 
K. L. Byrum,2 S. Cabrera"/^ C. Calancha,32 Campanelli,^^ M. Campbell,^^ F. Canelli,!^ A. Canepa,^^ 
B. Carls,25 D. Carlsmitli,60 R. Carosi,*^ S. Carrillo'"/^ S. Carron,^^ B. Casal,!^ M. Casarsa/^ A. Castro",^ 
P. Catastini2',47 D. Cauz^^55 V. Cavaliere'',''^ M. Cavalli-Sforza,^ A. Cerri,^^ L. Cerrito",^! S.H. Cliang,^^ 

Y.C. Chen,! M. Chertok,^ G. Chiarelli,*^ G. Chlacliidze,!^ F. Chlebana,!* K. Cho,^^ D. Clioklieli,!^ 
J.P. Chou,23 G. Clioudalakis,33 S.H. Chuang,53 K. Chung,i3 W.H. Cliung,6° Y.S. Chung,50 T. Cliwalek,^^ 
C.I. Ciobanu,''^ M.A. Ciocci'',^^ A. Clark,^! D. Clark/ G. Compostella/^ M.E. Convery/^ J. Conway/ 
M. Cordelli/'^ G. Cortiana'"/'' C.A. Cox/ D.J. Cox/ F. CresciolP/^ C. Cuenca Almenar"/ J. Cuevas^l2 
R. Culbertson/^ J.C. Cully /^ D. Dagenhart/^ M. Datta/^ T. Davies/^ P. de Barbaro/° S. De Cecco/^ 
A. Deisher/9 G. De Lorenzo/ M. Dell'Orso"^/^ C. Deluca/ L. Demortier/^ J. Deng/^ M. Deninno/ 
P.F. Derwent/8 G.P. di Giovanni/^ C. Dionisi""/^ B. Di Ruzza''^55 J.R. Dittmann/ M. D'Onofrio/ S. Donati^/^ 
P. Dong/ J. Donini/4 T. Dorigo/" S. Dube/^ J. Efron/" A. Elagin/^ R. Erbacher/ D. Errede/^ S. Errede/^ 
R. Eusebi/s H.C. Fang/^ S. Farrington/^ W.T. Fedorko/" R.G. Feild/i M. Feindt/^ J.P. Fernandez/^ 

C. Ferrazza/"*"^ R. Field/^ G. Flanagan/^ R. Forrest/ M.J. Frank/ M. Franklin/^ J.C. Freeman/^ I. Furic/^ 
M. Gallinaro/2 J. Galyardt/^ F. Garberson/^ J.E. Garcia/^ A.F. Garfinkel/^ K. Censer/^ H. Gerbericli/5 

D. Gerdes/5 A. Gessler/^ S. Giagu^'^/^ V. Giakoumopoulou/ P. Giannetti/^ K. Gibson/^ J.L. Gimmell/° 
CM. Ginsburg/8 N. Giokaris/ M. Giordani''^55 Giromini/o M. Giunta^/^ G. Giurgiu/*^ V. Glagolev/^ 

D. Glenzinski/8 M. Gold/^ N. Goldschmidt/^ A. Golossanov/^ G. Gomez/^ G. Gomez-Ceballos/^ 
M. Goncharov/4 O. Gonzalez/^ I. Gorelov/^ A.T. Goshaw/^ K. Goulianos/i A. Gresele"'/'' S. Grinstein/^ 
C. Grosso-Pilcher/4 R.G. Group/^ U. Grundler/^ J. Guimaraes da Costa/^ Z. Gunay-Unalan/^ C. Haber/^ 
K. Hahn/3 S.R. Halin/^ E. Halkiadakis/^ B.-Y. Han/" J.Y. Han/" F. Happacher/" K. Hara/^ D. Hare/3 
M. Hare/^ S. Harper/3 R.F. Harr/^ R.M. Harris/^ M. Hartz/« K. Hatakeyama,-^i C. Hays/3 M. Heck/^ 
A. Heijboer/^ J. Heinrich/® C. Henderson/3 M. Herndon/" J. Heuser/^ S. Hewamanage/ D. Hidas/^ 
C.S. Hill/" D. Hirschbuehl/^ A. Hooker/^ S. Hou/ M. Houlden/" S.-C. Hsu/^ B.T. Huffman/3 R.E. Hughes/° 
U. Husemann/^ M. Hussein/^ U. Husemann/^ J. Huston/^ J. Incandela/^ G. Introzzi/"^ M. lori""/^ A. Ivanov/ 

E. James/^ B. Jayatilaka/'^ E.J. Jcon/^ M.K. Jha/ S. Jindariani/^ W. Johnson/ M. Jones/^ K.K. Joo/^ 
S.Y. Jun/3 J.E. Jung/« T.R. Junk/^ T. Kamon/"* D. Kar/^ P.E. Karcliin/^ Y. Kato/^ R. Kephart/^ J. Keung/^ 

V. Khotilovich/4 B. Kilminster/8 D.H. Kim/* H.S. Kim/* H.W. Kim/* J.E. Kim/* M.J. Kim/" S.B. Kim/* 
S.H. Kim/6 Y.K. Kim/" N. Kimura/" L. Kirsch/ S. Klimenko/" B. Knuteson/3 B.R. Ko/^ K. Kondo/* 

D. J. Kong/8 Konigsberg/" A. Korytov/" A.V. Kotwal/^ M. Kreps/^ J. KroU/^ D. Krop/^ N. Krumnack/ 
M. Kruse/^ V. Krutelyov/^ T. Kubo/^ T. Kuhr/^ N.P. Kulkarni/^ M. Kurata/" S. Kwang/-* A.T. Laasanen/^ 
S. Lami/^ S. Lammel/*^ M. Lancaster/^ R.L. Lander/ K. Lannon^/o A. Lath/3 G. Latino^^/^ I. Lazzizzera'"/^ 

T. LeCompte/ E. Lee/^ H.S. Lee/^ S.W. Lee*/"* S. Leone/^ J.D. Lewis/* C.-S. Lin/^ J. Linacre/3 M. Lindgren/* 
E. Lipeles/*^ A. Lister/ D.O. Litvintsev/* C. Liu/* T. Liu/* N.S. Lockyer/" A. Loginov/i M. Loreti"'/^ 
L. Lovas/5 D. Lucchesi'"/^ C. Luci""/^ J. Lueck/^ P. Lujan/^ P. Lukens/* G. Lungu/^ L. Lyons/3 J. Lys/^ 
R. Lysak/5 D. MacQueen/'' R. Madrak/* K. Maeshima/* K. Makhoul/3 T. Maki/"^ P. Maksimovic/'^ S. Malde/3 
S. Malik/1 Q Manca/30 A. Manousakis-Katsikakis/ F. Margaroli/^ C. Marino/'^ CP. Marino/^ A. Martin/^ 
V. Martin' /2 M. Martinez/ R. Martmez-BaUarm/^ T. Maruyama/^ P. Mastrandrea/^ T. Masubuchi/^ 
M. Mathis/" M.E. Mattson/" P. Mazzanti/ K.S. McFarland/" P. Mclntyre/" R. McNulty/30 A. Mehta/" 
P. Mehtala/4 A. Menzione/^ P. Merkel/^ C. Mesropian/^ T. Miao/* N. Miladinovic/ R. Miller/^ C. Mills/3 
M. Milnik/^ A. Mitra/ G. Mitselmakher/^ H. Miyake/^ N. Moggi/ C.S. Moon/* R. Moore/* M.J. Morello^/^ 



2 



J. Morlok,^'^ P. Movilla Fernandez/'^ J. Mulmcnstadt,^^ A. Mukhcrjcc,^^ Th. Muller,^'^ R. Mumford,^^ p. Murat,!^ 
M. Mussini'',*^ J. Nachtman,i* Y. Nagai,^^ A. Nagano,^*^ J. Naganoma,^'^ K. Nakamura,^^ I. NakanOj-^^ A. Napier,^'^ 
V. Necula/^ J. Nett,6° C. Neu'',^^ M.S. Neubauer,^^ S. Neubauer,^^ J. Nielsen9,29 l. Nodulman,^ M. Norman/o 

0. Norniella,25 E. Nursc,-"^! L. Oakes,43 S.H. Oh,!^ Y.D. Oh,^^ I. Oksuzian,!^ T. Okusawa,^^ p. Orava,24 
S. Pagan Griso'",'''' E. Palcncia,^^ V. Papadimitriou,^® A. Papaikonomou,^^ A. A. Paramonov,^^ B. Parks, 

S. Pashapour,34 J. Patrick/^ Q. Pauletta''^•^'^ M. Paulini/^ C. Paus,33 T. Peiffer,^^ D.E. Pellett,^ A. Penzo,^^ 
T.J. Phillips/^ G. Piacentino E. Pianori L. Pinera/'' K. Pitts,^^ C. Plager,^ L. Pondrom,60 Q. Poukhov*/^ 
N. Pounder,'*-'' F. Prakoshyn,!^ A. Pronko,!*' J. Proudfoot,^ F. Ptohos*,!* E. Pucschcl,!^ G. PunzP,"*^ J. Purslcy,60 

J. Rademacker'^,**'^ A. Rahaman,^* V. Ramakrishnan,^° N. Ranjan,"*^ I. Redondo,^^ P. Renton,'''' M. Rcnz,^^ 
M. Rescigno,^^ S. Richter,^^ F. RimondP,^ L. Ristori,^'^ A. Robson,^^ -j, Rodrigo,^^ T. Rodriguez,''^ E. Rogcrs,^^ 
S. Rolli,^^ R. Roser,i8 M. Rossi,-"^-"^ R. Rossin," P. Roy,34 A. Ruiz.^^ J. Russ,!^ V. Rusu,** A. Safonov,54 
W.K. Sakumoto,50 O. Salto,^ L. Santi''^55 S. Sarkar"",^^ Sartori,^^ K. Sato,i« A. Savoy-Navarro,'*^ 
P. Schlabach,i« A. Schmidt,^^ E.E. Schmidt,!^ M.A. Schmidt," M.P. Schmidt* ,^1 M. Schmitt,^^ T. Schwarz,^ 
L. Scodellaro,i2 A. Scribano^',*^ F. Scuri,^^ A. Sedov,*^ S. Seidel,=^» Y. Seiya,*^ a. Semenov,i<5 L. Sexton-Kennedy, 

F. Sforza,"*^ A. Sfyrla,^^ S.Z. Shalhout,^^ T. Shcars,^^ P.F. Shepard,''^ M. ShimojimaP,^^ S. Shiraishi," 
M. Shochet," Y. Shon,60 I. Shreyber,^^ A. Sidoti,"*^ P. Sinervo,^* A. Sisakyan,!^ A.J. Slaughter,!^ J. Slaunwhite,4° 
K. Sliwa,57 J.R. Smith,8 F.D. Snider,!^ R. Smhur,^^ A. Soha,^ S. Somalwar,^^ V. Sorin.^e J. Spalding,!^ 
T. Spreitzer,34 R Squillacioti^',^^ M. Stanitzki,"! R. St. Denis,^^ B. Stelzer,^^ 0. Stelzer-Chilton,^^ D. Stentz,^^ 
J. Strologas,38 G.L. Stryckcr,^^ D. Stuart," J.S. Suh,^^ A. Sukhanov,!^ I. Suslov,!^ T. Suzuki,"^^' A. Taffard-'',^^ 
R. Takashima,*^ Y. Takeuchi,56 R. Tanaka,** M. Tecchio,^^ P.K. Teng,i K. Terashi,^! J. Thom'S^^ 
A.S. Thompson,^^ G.A. Thompson,^^ E. Thomson,^^ P. Tipton,''^ P. Ttito-Guzman,^^ S. Tkaczyk,^^ D. Toback,^^ 

S. Tokar,!-' K. Tollcfeon,-''^ T. Tomura,-'^^' D. Tonclli,i« S. Torrc,^" D. Torretta,!^ p. Totaro''^5''^ S. Tourneur,^^ 
M. Trovato,''^ S.-Y. Tsai,i Y. Tu,''^ N. Turini?',''^ F. Ukegawa,^'^ S. Vallecorsa,^! N. van Remortel^24 A. Varganov,^^ 
E. Vataga^47 p. Vazquez™, G. Velev,!^ C. Venidis,^ V. Veszpremi,49 M. Vidal,32 R. Vidal,!^ I. Vila,!^ R. Vilar,!^ 
T. Vine,3i M. Vogel,^^ I. Volobouev*,^^ G. Volpi^,^^ P. Wagner,*^ R.G. Wagner,^ R.L. Wagner,!^ W. Wagner,^^ 

J. Wagncr-Kuhr,27 T. Wakisaka,^^ R. Wallny,^ S.M. Wang,* A. Warburton,^* D. Waters,^* M. Weinberger,'^'' 
J. Weinelt,27 W.C. Wester 111,^^ B. Whitehouse,^^ D. Whiteson^' ,^6 A.B. Wicklund,^ E. Wicklund,i« S. Wilbur," 
G. Williams,"* H.H. Williams,*'' P. Wilson,!^ B.L. Winer,*^ P. Wittich'',!^ S. Wolbers,^^ C. Wolfe," 
T. Wright,35 X. Wu,2i F. Wiirthwcin,io S.M. Wynnc,^" S. Xic,"^ A. Yagil,io K. Yamamoto,*^ J. Yamaoka,^" 
U.K. Yang°," Y.C. Yang,^^ W.M. Yao,^^ G.P. Ych,!^ J. Yoh,*^ K. Yorita,^** T. Yoshida,42 G.B. Yu,^^ 

1. Yu,28 S.S. Yu,i* J.C. Yun,i* L. Zanello"",52 A. Zanetti,^^ X. Zhang,^^ Y. Zheng'^,^ and S. Zucchelli^,^ 

(CDF Collaboration^) 

'institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China 
^Argonne National Laboratory, Argonne, Illinois 60439 
^University of Athens, 157 71 Athens, Greece 
^Institut de Fisica d'Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain 

^Baylor University, Waco, Texas 76798 
^Istituto Nazionale di Fisica Nucleare Bologna, " University of Bologna, 1-40127 Bologna, Italy 
^Brandeis University, Waltham, Massachusetts 02254 
^University of California, Davis, Davis, California 95616 
^University of California, Los Angeles, Los Angeles, California 90024 
'"University of California, San Diego, La Jolla, California 92093 
''University of California, Santa Barbara, Santa Barbara, California 93106 
'^Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain 
'^Carnegie Mellon University, Pittsburgh, PA 15213 
'"^Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637 
'^ Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, O4O 01 Kosice, Slovakia 
'^ Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 
'''Duke University, Durham, North Carolina 27708 
Fermi National Accelerator Laboratory, Batavia, Illinois 60510 
'^University of Florida, Cainesville, Florida 32611 
Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-OOO44 Frascati, Italy 
^'University of Geneva, CH-lSll Geneva 4, Switzerland 
^'Glasgow University, Glasgow G12 8QQ, United Kingdom 



23 



Harvard University, Cambridge, Massachusetts 02138 



3 



Division of High Energy Physics, Department of Physics, 
University of Helsinki and Helsinki Institute of Physics, FIN-OOOI4, Helsinki, Finland 
^'''University of Illmois. Urbana, Illinois 61801 
^^The Johns Hopkins University, Baltimore, Maryland 21218 
^'^Institut fiir Experimentelle Kemphysik, Universitat Karlsruhe, 76128 Karlsruhe, Germany 
Center for High Energy Physics: Kyungpook National University, 
Daegu 702-701, Korea; Seoul National University, Seoul 151-742, 
Korea; Sungkyunkwan University, Suwon 440-746, 
Korea; Korea Institute of Science and Technology Information, Daejeon, 
305-806, Korea; Chonnam National University, Gwangju, 500-757, Korea 
Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720 
University of Liverpool, Liverpool L69 7ZE, United Kingdom 
University College London, London WCIE 6BT, United Kingdom 
^^Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain 
''^Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

'''^Institute of Particle Physics: McGill University, Montreal, Quebec, 
Canada H3A 2T8; Simon Eraser University, Burnaby, British Columbia, 
Canada V5A 1S6; University of Toronto, Toronto, Ontario, 
Canada M5S 1A7; and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3 
University of Michigan, Ann Arbor, Michigan 48109 
Michigan State University, East Lansing, Michigan 48824 
^^Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia 
University of New Mexico, Albuquerque, New Mexico 87131 
^^Northwestern University, Evanston, Illinois 60208 
^"The Ohio State University, Columbus, Ohio 43210 
■^^ Okayama University, Okayama 700-8530, Japan 
"'^ Osaka City University, Osaka 588, Japan 
^'^ University of Oxford, Oxford 0X1 3RH, United Kingdom 
'*Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, ^ University of Padova, 1-35131 Padova, Italy 
^^LPNHE, Universite Pierre et Marie Curie/IN2P3-CNRS, UMR7585, Paris, F-75252 France 
'^^ University of Pennsylvania, Philadelphia, Pennsylvania 19104 
^''istituto Nazionale di Fisica Nucleare Pisa, ^University of Pisa, 
^University of Siena and '^Scuola Normale Superiore, 1-56127 Pisa, Italy 
'^^ University of Pittsburgh, Pittsburgh, Pennsylvania 15260 
Purdue University, West Lafayette, Indiana 47907 
^'^ University of Rochester, Rochester, New York 14627 
^^The Rockefeller University, New York, New York 10021 
^^Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, 
"''^ Sapienza Universita di Roma, 1-00185 Roma, Italy 
''"'Rutgers University, Piscataway, New Jersey 08855 
Texas A&M University, College Station, Texas 77843 
^^Istituto Nazionale di Fisica Nucleare Trieste/ U dine, '''' University of Trieste/ U dine, Italy 
University of Tsukuba, Tsukuba, Ibaraki 305, Japan 
^^Tufts University, Medford, Massachusetts 02155 
^^Waseda University, Tokyo 169, Japan 
Wayne State University, Detroit, Michigan 48201 
University of Wisconsin, Madison, Wisconsin 53706 
^' Yale University, New Haven, Connecticut 06520 
(Dated: November 17, 2008) 

We present a measurement of the transverse momentum with respect to the jet axis (/ct) of 
particles in jets produced in pp collisions at ^/s = 1.96 TeV. Results are obtained for charged 
particles within a cone of opening angle 0.5 radians around the jet axis in events with dijct invariant 
masses between 66 and 737 GeV/c'^. The experimental data are compared to theoretical predictions 
obtained for fragmentation partons within the framework of resummed perturbative QCD using 
the modified leading log and next-to-modified leading log approximations. The comparison shows 
that trends in data are successfully described by the theoretical predictions, indicating that the 
perturbative QCD stage of jet fragmentation is dominant in shaping basic jet characteristics. 
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In this analysis we measure the transverse momenta of 
particles in jets with respect to the jet axis (kx), study 
the dependence of the distribution on jet energy, and 
compare the results to analytical predictions of the mod- 
ified leading log approximation (MLLA) [l[ and next-to- 
modified leading log approximation (NMLLA) sup- 
plemented with the hypothesis of local parton-hadron du- 
ality (LPHD) [i. 

This measurement tests the applicability of perturba- 
tive QCD (pQCD) to the soft process of jet fragmen- 
tation. Detailed studies of jet fragmentation expand 
our understanding of the relative roles of the perturba- 
tive and non-perturbative stages of jet formation, and 
they probe the boundary between the parton shower and 
hadronization. The ultimate goal is to understand which 
stage of jet formation is most significant in determining 
the final characteristics of jets. This measurement indi- 
cates that the parton shower dominates. Moreover, we 
also verify how well the pythia tune A 0,0] and HERWIG 
6.5 Monte Carlo generators describe jet properties in 
the data. This comparison is crucial for data analyses 
utilizing these generators, and the results can be used to 
tune the generators for future measurements. 

Past experimental studies of the inclusive distributions 
of particles in jets 0,11,0 and the recent measurement of 
the two-particle momentum correlation in jets fid\ agree 
well with theoretical predictions, suggesting that the per- 
turbative QCD stage of jet formation is dominant. In 
this analysis, we further test the LPHD hypothesis by 
examining whether the pQCD predictions for the trans- 
verse momentum distribution of partons can successfully 
reproduce the corresponding distribution for hadrons in 
experimental data. We report a measurement of the fc^ 
distribution dN/d{\n kr) of charged particles in restricted 
cones with an opening angle of 9c = 0.5 radians around 
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the jet axis in events with dijet invariant masses in the 
range 66-737 GeV/c^. It has been shown in the past that 
the integral of the distribution is well described by MLLA 
predictions therefore, in this article we compare only 
the shape of the distribution by normalizing theory to 
data in the region —0.2 < ln[fcT/(GeV/c)] < 0.0, where 
both the theoretical prediction and the experimental 
measurement are expected to be reliable. The data are 
corrected for detector effects and no additional correc- 
tions are needed for comparison to the theoretical pre- 
dictions if LPHD is assumed. 

The theoretical predictions used in this analysis are 
formulated for dijet events. MLLA [ll[ is an approxima- 
tion which allows one to calculate a variety of observables 
via a complete resummation of perturbative terms. It 
is an approximation in the sense that each perturbative 
term of order n is calculated to a precision of leading and 
next-to-leading logarithms: 

<(A:t)(A„ In^" {Ejet) + B,, \n^"-\Ejet) (1) 
+ 0(ln2"-2(£;^,,))), 

where asikx) is the strong coupling constant. The 
constants An and Bn are calculated exactly to all or- 
ders. The NMLLA calculations extend the MLLA pre- 
cision by treating a number of contributions more con- 
sistently at the next-to-MLLA level, i.e. at the level 
of a'^{kT)ln"~'^{Ejet)- Therefore, MLLA and NMLLA 
both provide soft gluon resummation, but at different 
levels of precision. 

The MLLA + LPHD and NMLLA + LPHD ap- 
proaches view jet fragmentation as a predominantly per- 
turbative QCD process. The MLLA and NMLLA cal- 
culations predict the average number of partons N and 
the transverse momentum distribution of partons with 
respect to the direction of the initial parton. The predic- 
tions are valid for partons in a small cone with opening 
angle 9c around the direction of the initial parton and 
they assume that the parton momentum is much smaller 
than the jet energy (soft approximation). The predic- 
tions are functions of y = l'n{Q/Qeff), where Q = Ejet9c 
is the so-called jet hardness and Qeff is the lowest allowed 
transverse momentum of partons. The LPHD hypothe- 
sis states that the hadronization process takes place lo- 
cally and, therefore, properties of partons and hadrons 
are closely related. For instance, the parton and hadron 
kx distributions are assumed to be related via a constant 
factor Klphd, which is independent of the jet energy 
and whether the jet originates from a quark or a gluon 
[Ta] . Past studies have shown that Klphd ~ 1 0. 

Theoretical NMLLA predictions for the kx distribu- 
tion are shown in Fig. [TJ The direction of the initial 
parton is used as the jet axis. The lower boundary of the 
range of validity of the predictions is determined by Qeff 
and is kx > Qeff', however, in this measurement we only 
consider particles with kx > 0.5 GeV/c (ln[fcT/(GeV/c)] 
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> -0.6), motivated by the poor reconstruction quahty of 
tracks with low fcy. The upper boundary is determined 
by the soft approximation requirement k^/Ejet ^ 1 
and the requirement that the double differential distribu- 
tion { Jl^f. ) be positive over the perturbative region 
This translates into ln[A:T/(GeV/c)] < ln(Q/GeV)-2.5 
for MLLA and ln[fcT/(GeV/c)] < ln(Q/GcV)-1.6 for 
NMLLA [l^. The range of validity extends to higher 
kx regions for increasing jet energy. The shape of the 
distribution shows a weak dependence on the value of 

Qeff- 

Jets originating from gluons are expected to have more 
particles with large fcy, on average, than jets originating 
from quarks. In theory, the kr distribution is calculated 
for quark and gluon jets separately. Dijet events at the 
Tevatron consist of both quark and gluon jets. In order 
to compare data to theory, we rewrite the formula for the 
predictions as follows: 



dN 



d\n{kj 



dN 



d\n{kT) 



+ (1 - fs) 



dN 



d\n{kj 



(2) 



'^here ijj^^)q and ijj^^)g are the predictions for 
quark and gluon jets, respectively, and fg is the fraction 
of gluon jets in the data. 

The measurement is based on events produced at the 
Tevatron collider in pp collisions at a center of mass en- 
ergy of 1.96 TeV and recorded by the CDF II detector. 
The total integrated luminosity is 775 pb~^. A detailed 
description of the CDF II detector can be found in 
and references therein. Here we briefly describe the com- 
ponents of the detector that are relevant to this analy- 
sis. The silicon microstrip detector is used to reconstruct 
event vertices and to measure the distance of closest ap- 
proach, do, of charged particles to the beamline in the 
plane transverse to the beam direction. The silicon detec- 
tor is surrounded by the central outer tracker, an open- 
cell drift chamber providing up to 96 measurements of 
a charged particle track over the radial region from 40 
to 137 cm. The entire CDF II tracking system is lo- 
cated inside a 1.4 T solenoidal magnet and is surrounded 
by calorimeters used to measure the energy of charged 
and neutral particles. The central electromagnetic, cen- 
tral hadronic, and wall hadronic calorimeters are made 
of lead (electromagnetic) and iron (hadronic) layers in- 
terspersed with plastic scintillator. The CDF II trigger 
system is a three-level filter with calorimeter information 
available at the first level [3]. 

In this measurement, jets are reconstructed based on 
calorimeter information using a cone al gor ithm with cone 
radius R = ^/{A4>f~+{A^ ^1.0^. The energy 
of each jet is then corrected to compensate for the non- 
linearity and non-uniformity of the energy response of the 
calorimeter, the energy deposited inside the jet cone from 
sources other than the leading parton, and the leading 
parton energy deposited outside the jet cone. A detailed 
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FIG. 1: NMLLA predictions [| of the kT distribution in jets. 
The figures show how the distribution depends on (a) the jet 
hardness (shown for a gluon jet), (b) the origin of the jet 
(quark or gluon), and (c) the parton shower cutofi' Qeff- 



description of this procedure can be found in [17]. The 
overall uncertainty on the jet energy scale is 3%. 

In this article we give a brief overview of the event 
and track selection; a detailed description of the proce- 
dure and the evaluation of the systematic uncertainties 
can be found in [loj. Events were collected using a sin- 
gle calorimeter tower trigger with a transverse energy 
(Et) [i3] threshold of 5 GeV and with single jet trig- 
gers with Et thresholds of 20, 50, 70, and 100 GeV. 
To reject events with poorly measured jets, we require 
the two leading jets to be well balanced in Et- We al- 
low up to two extra jets, but their energy is required to 
be small: < 5.5 GeV +0m5{E^ + E^), where 

E^, E^, and £^1?*™ are the transverse energies of two 
leading jets and an extra jet, respectively. The final 
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sample consists of approximately 250 000 events and 
is further divided into eight bins according to the di- 
jet mass as measured by the calorimeters and defined as 



A% = ^J{El+E2Y/c^~{Pl+P2Y|c^^, where E and 

P are the energies and momenta of the two leading jets, 
respectively. Measurements are performed in the dijet 
center of mass frame where Q = Ejetdc = MjjOc/'i. All 
particles are treated as pions for Lorentz boosts. To eval- 
uate possible biases that may originate from the partic- 
ular choice of jet reconstruction algorithm, we compare 
results of the measurement using three different values of 
the parameter R in the jet reconstruction algorithm (0.4, 
0.7, 1.0). The resulting systematic uncertainty is 1%. 

We use full three-dimensional track reconstruction 
[lil |20| . Poorly reconstructed and spurious tracks are 
removed by a requirement on the quality of the track fit 
in the drift chamber Xcot <^ 6.0 Charged parti- 

cles are required to have pt > 0.3 GeV/c. Requirements 
on the track impact parameter do, radius of conversion 
Rconv, and |Az| = \ztrack " Zyertex\ are also applied (see 
[ip( for details). These requirements are designed to en- 
sure that the tracks originate at the primary vertex and 
are not produced by cosmic rays, multiple pp interactions 
within the same bunch crossing, 7 conversions, and K*^ 
and A decays. The correction for the remaining fraction 
of secondary tracks is estimated by comparing the kx dis- 
tribution in PYTHIA tune A at the charged hadron level 
and at the level of the detector simulation. It is found to 
be ~ 3% and is assigned as the systematic uncertainty as- 
sociated with the remaining fraction of secondary tracks. 
In order to correct for tracks from the underlying event, 
we apply the following procedure. On an event-by-event 
basis, two complementary cones are positioned at the 
same polar angle with respect to the beamline as the 
original dijet axis but in the plane perpendicular to the 
dijet axis. We assume that cones formed in such a fashion 
collect statistically the same amount of background from 
the underlying event as the cones around the jet axis 
and we subtract the kx distribution in complementary 
cones from the distribution in jet cones. 

Figure [2] shows the distributions in data corresponding 
to the dijet mass bins with (Q) = 27 GeV (95 < Mjj < 
132 GeV/c^), 68 GeV (243 < Mjj < 323 GeV/c^), and 
119 GeV (428 < Mjj < 563 GeV/c^). The distributions 
in the other five dijet mass bins are similar. The frac- 
tion of gluon jets in the sample, fg, which is used to mix 
the theoretical prediction for quark and gluon jets, is ob- 
tained using PYTHIA tune A with the CTEQ5L parton 
distribution functions (PDFs) [2lj. fg decreases from 0.7 
for Q = 19 GeV to 0.2 for Q = 155 GeV. The error bars 
correspond to the statistical uncertainty only, while the 
shaded area corresponds to the statistical and systematic 
uncertainties added in quadrature. The major source of 
systematic uncertainty in the measurement is the remain- 
ing fraction of secondary tracks. The systematic uncer- 



tainty due to the PDFs is evaluated by comparing results 
for the fraction of gluon jets obtained using the CTEQ5L 
and CTEQ6.1 ^ PDF sets, and is found to be negligi- 
ble (< 1%). The individual systematic uncertainties for 
results with different jet hardnesses are strongly corre- 
lated. 

The solid line corresponds to the NMLLA theoreti- 
cal curve [3] for Qejj = 230 MeV, extracted from fits 
of inclusive momentum distributions The dashed 

line corresponds to the MLLA theoretical curve calcu- 
lated according to pj] for the same value of Qeff- The 
NMLLA predictions generally have a wider range of va- 
lidity than the MLLA predictions. The NMLLA results 
for Qgff = 230 MeV provide an excellent description of 
the data over the entire range of particle kx and the dijet 
masses used in this measurement. The overall qualitative 
agreement between the data and the MLLA calculation 
,1] for Qeff = 230 MeV is very good within its range of 
validity. The extrapolation beyond the range (to higher 
kx) fails to reproduce the data, predicting more particles 
than observed. 

We also compare the kx distribution of charged par- 
ticles in data to predictions of the pythia tune A and 
HERWIG 6.5 Monte Carlo generators. Predictions of the 
Monte Carlo generators for final stable particles are in 
agreement with each other and with results obtained in 
data. Figure [2] shows distributions in data compared to 
PYTHIA tune A at the parton and the final stable particle 
levels. The distribution for partons is obtained using a 
parton shower cutoff value of 500 MeV, the lowest possi- 
ble setting in the generator. The qualitative agreement 
between the NMLLA predictions and charged hadrons 
from PYTHIA tune A is found to be fairly good and is 
due to the tunings of the hadronization parameters in 
PYTHIA tune A, while the distribution at the parton level 
shows significant deviations. The herwig 6.5 predictions 
at the level of final stable particles are similar to those of 
PYTHIA tune A. 

In summary, we have measured the transverse mo- 
menta of particles with respect to the jet axis for a wide 
range of dijet invariant masses, 66-737 GeV/c^. The data 
are compared to calculations using the modified lead- 
ing log and next-to-modified leading log approximations. 
Within the range of their validity, the next-to-modified 
leading log approximation calculations provide an excel- 
lent description of trends seen in the data over the entire 
range of dijet masses. This indicates that hadronization 
effects are small and provides further support for the hy- 
pothesis of local parton-hadron duality. The modified 
leading log approximation predictions qualitatively show 
the same trends; however, the quantitative disagreement 
with the data is significant in this case, indicating the 
importance of the next-to-modified leading log approx- 
imation corrections. The authors are very grateful to 
R. Perez-Ramos, F. Arleo, and B. Machet for collabo- 
rative work and to Yu. Dokshitzer for a number of very 
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FIG. 2: The kr distribution of particles in the restricted 
cone of size 9c — 0.5 around the jet axis in dijet mass bins 
with (a) Q = 27, (b) Q = 68, and (c) Q = 119 GeV. The 
data are compared to the analytical MLLA and NMLLA pre- 
dictions and to the predictions of the pythia tune A Monte 
Carlo generator for partons and charged hadrons (shown as 
histograms). The distribution for partons is obtained using a 
parton shower cutoff value of 500 MeV. Ranges of validity for 
MLLA and NMLLA predictions are shown by arrows. 
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